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Bacterial endophytes colonize total plant tissue without harming their hosts. One specific 
endophyte, Enterobacter sp. 638, is known to produce plant hormones which result in increased 
biomass (Taghavi et al., 2011). This study examined the effects of E. 638 inoculation and stress 
on growth of tomatoes (Solanum lycopersicum). Stressed inoculated plants produced 
significantly more fruit, and flowered, set fruit and ripened earlier than uninoculated plants. 
Stressed inoculated plants also had 30% larger root mass; however inoculation had no significant 
impact on unstressed plants. 
In addition, qPCR was used to measure the effects of inoculation on relative expression of 
certain genes in tomato root tissue. Inoculated plants had significantly higher transcript levels of 
ethylene signaling protein (EIN2), cytokinin receptor protein (CRE1) and cell wall relaxing 
protein (EXPA4) compared to uninoculated controls. These results may have major implications 
to agriculture by potentially enabling sustainable crop production under stressful conditions. 
Keywords: endophyte, hormones, Enterobacter sp. 638, stress, Solanum lycopersicum, qPCR, 
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Chapter 1: General Introduction 
 
1. General Introduction 
 
1.1. The Green Revolution 
 
1.1.1. History of the Green Revolution 
 
The Green Revolution (GR) is described as a period of tremendous increase in global agricultural 
productivity, particularly in developing countries (Pingali, 2012). The movement was pioneered 
by American plant geneticist Norman Borlaug. In 1944, Borlaug accepted a position as director 
of the Cooperative Wheat Research and Production Program (CWRPP) in Mexico, a joint project 
by the Mexican Ministry of Agriculture and the Rockefeller Foundation (Architect of the Capitol, 
2016). Over the next 10 years, he developed cultivars of wheat that were resistant to           
various types of rust, a disease caused by fungal species of the genus Puccinia, to which 
traditional cereal crops were highly susceptible (Borlaug, 1972). Due to the pathogen’s wide 
diversity and high rate of adaptability to acquired resistance in traditional wheat lines, it became 
necessary to produce crops that possessed multiple resistance genes in order to combat the 
disease. Borlaug achieved the rust-resistant multilines primarily through the practice of 
backcrossing, in which heterozygous progeny are crossed with a homozygous recurrent parent 
over several generations (Borlaug, 1953). The result is the transfer of resistance genes from 
several donor parents to progeny that are genotypically similar to the recurrent parent (Borlaug, 
1953). These can self-pollinate to further produce resistant individuals (Borlaug, 1953). 
Furthermore, Borlaug’s work shortened harvest times and created varieties that were adaptable to 
changing conditions. In a single year, he sowed two sets of crops; one during the winter at low 
elevation and higher temperatures, another during the summer at high elevation, so that the time 
required to produce new varieties was cut in half (Borlaug, 1972). More importantly, it was the 
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movement of genetic material between the two environments that created plants which were 
highly adaptable to both climates (Borlaug, 1972). Notwithstanding these important 
advancements, the primary goal of the CWRPP was to increase crop production; hence, Borlaug 
and his team focused their efforts on developing high-yielding varieties (HYVs) (Borlaug, 1972). 
One critical factor that enabled the development of HYVs was the introduction of dwarfing  
genes into wheat, and subsequently into rice. Plants exhibiting dwarf traits have thick short  
stems, whereas the stems of tall plants could not support the weight associated with grain 
increases, causing plants to fall over (Hedden, 2003). During the early 1900s, Japanese 
agronomists were cultivating Norin 10, a cross between the Japanese semi-dwarf Daruma and 
various high-yielding American types (Hedden, 2003). This cultivar became widely used in 
American breeding programs after 1945 (Hedden, 2003). In 1953, the Norin 10-Brevor 14 hybrid 
was sent to Borlaug’s research center in Mexico, where it was crossed with previously developed 
rust-resistant lines (Tapu, 2013). Borlaug’s research efforts successfully produced the varieties 
Pitic 62 and Penjamo 62 (Tapu, 2013). These were high-yielding, disease resistant crops that 
were adapted to both tropical and sub-tropical climates (Tapu, 2013). As a result, Mexico’s  
wheat harvests were six times larger in 1963 compared to when Borlaug first arrived (Tapu, 
2013). By 1964, Mexico was fully self-sufficient in wheat production and became a net exporter 
(Tapu, 2013). Following its success in Mexico, the improved wheat varieties quickly spread to 
further regions including Asia and South America (Hedden, 2003). The establishment of 
improved wheat led to similar developments of rice in India, which then spread to the Philippines 
and across Southeast Asia (Peng et al., 2010). By 1959, the International Rice Research Institute 
(IRRI) was established in the Philippines, the organization responsible for the creation of IR-8, or 
so called “miracle rice” (Hedden, 2003). The dwarfing gene originated from the Chinese 
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variety Dee-geo-wan-gen and is the parent source of many modern-day commercial indica rice 
cultivars (Hedden, 2003). Following the introduction of wheat and rice, improved varieties of 
corn, soy, potato, barley, oats, and cassava became widely used throughout the world (Borlaug, 
1983). The adoption of these novel crops, in combination with the mechanization of farm labor, 
the expansion of irrigation systems and the application of large amounts of fertilizer and 
pesticides resulted in dramatic changes in farming culture so that agriculture became more 
productive, yet more intensive (Hedden, 2003). 
1.1.2 Impacts of the Green Revolution 
 
The GR’s primary impact was on crop productivity, resulting in unprecedented increases in 
yields per hectare (Pingali, 2012). Although global population has more than doubled since the 
1960s, the production of cereals has tripled with just a 30% rise in land area cultivated (Pingali, 
2012). Between 1960 and 2000, yields for all developing countries increased by 208% for wheat, 
109% for rice, 157% for corn, 78% for potatoes and 36% for cassava (Pingali, 2012). From 1960 
to 1980, corn yields in the US increased by 88% and wheat yields by 33% (Borlaug, 1983). 
These large gains were made possible through a combination of technology advances and 
legislative support. High government investment rates in crop research and infrastructure, as well 
as policy decisions including crop price protections, and subsidies for chemical inputs drove 
much of the success of the GR (Pingali, 2012). The result was widespread reduction in poverty, 
mainly via wage increases and lower food prices (Pingali, 2012). Intensification of agriculture 
led to increased labor demands in both the farm and industrial sectors, which often reduced 
unemployment, especially in rural areas (Pinstrup-Andersen & Hazell, 1985). Furthermore, 
greater agricultural output generated extra income for many farmers, allowing these households 
to spend more on non-food goods and services (Pinstrup-Andersen & Hazell, 1985). Likewise, 
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increased supply led to decreased food prices allowing the poor to spend less of their income on 
food and more on other consumer goods and services, thereby contributing to overall economic 
growth (Pinstrup-Andersen & Hazell, 1985). Even highly populated regions, which saw hardly 
any increases in real wages, benefitted because labor demands were able to keep pace with a 
growing labor force, thus averting widespread unemployment and poverty (Pinstrup-Andersen & 
Hazell, 1985). The GR also provided health benefits shown by a significant decrease in under and 
malnourished people (Pingali, 2012). Higher food supply and lower prices significantly improved 
access to high calorie HYVs, which led to substantial increases in carbohydrate and protein 
consumption, especially throughout Asia (Pingali, 2012). Several case studies conducted in 
Southeast Asia showed that even among poor populations, access to micronutrients improved due 
to HYV cultivation (Pingali, 2012). Families were spending less on staples and could therefore 
afford a more diverse diet (Pingali, 2012). For example, in Bangladesh, the price of rice            
fell steadily from 1992 to 2000 (Pingali, 2012). While rice consumption per capita did not 
change, an increase in non-rice food expenditures was seen, associated with an overall decrease  
in child malnourishment (Pingali, 2012). Borlaug and his successors have often been credited 
with producing the work that would save millions of people from starvation and destitution. 
However, the global implementation of these works would not have been possible were it not for 
the policies that created an atmosphere of economic growth and incentivized the rapid production 
of fertilizers and other inputs. 
1.2. A shift in farming culture 
 
By the mid-1980s, the majority of land area in developing countries was sown to GR seeds. In 
India, the proportion of wheat and rice area under HYVs rose to 96% and 95%, respectively, 
from 1978 to 1980 (Fitzgerald-Moore & Parai, 1996). In 1983, China sowed 95% of its rice area 
5  
and South America sowed 82% of its wheat area to HYVs (Fitzgerald-Moore & Parai, 1996). 
The adoption of these crops led to rapid increases in the use of inputs necessary to realize yield 
potentials. It is important to note that GR crops were bred to respond to a combination of inputs 
including chemical fertilizers, irrigation, and pesticides (Fitzgerald-Moore & Parai, 1996). Thus, 
as HYVs became increasingly widespread, there came an associated increase in the application 
of required inputs. 
1.2.1. Increased application of fertilizers 
 
In the U.S. alone, consumption of primary plant nutrients including nitrogen, phosphate and 
potash increased by 18% from 1975 to 1990 (USDA, 2013). In the following two decades, 
fertilizer use became more efficient as plant nutrient consumption rose by just 6.3% by 2011 
(USDA, 2013). By 1990, almost all commercially produced crops in the US were HYVs. Among 
them were the top three fertilizer-intensive crops corn, wheat and soybean, with corn production 
accounting for half of U.S. fertilizer use (USDA, 2013). 
The developing world also saw dramatic rises in fertilizer consumption in the post GR period. 
Both Indonesia and India are examples of countries that increased their use of artificial fertilizers 
to accommodate the needs of HYV seeds. In Indonesia, the application of fertilizer in rice 
production rose by more than 500% from less than 25 kilograms/hectare (kg/ha) in 1975 to over 
150 kg/ha by 1990 (Fitzgerald-Moore & Parai, 1996). Likewise, in India mean levels of fertilizer 
in cereal production rose by 400% from 15 kg/ha in 1975 to over 75 kg/ha in 1990 
(Fitzgerald-Moore & Parai, 1996). In China, fertilizer application rose steadily from 1975-1985, 
reaching a level of 115 kg/ha by 1983 (Fitzgerald-Moore & Parai, 1996). Today, global 
consumption stands at 190.7 million tons and a 1.8% annual increase has been projected to meet 
rise in population (FAO, 2015). 
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1.2.2. Expansion of irrigation systems 
 
In pre-GR farming, irrigation was used as a protective measure, only to supplement dry periods. 
However, current HYV farming requires irrigation. HYVs require greater concentrations of  
water for longer periods of the year than do traditional crops (Fitzgerald-Moore & Parai, 1996), 
resulting in an increase in irrigated land area. Globally, the net irrigated land during the 1950s 
was 21 million hectares (Fitzgerald-Moore & Parai, 1996). Between 1950 and 1965, 4.5 million 
new hectares of arable land came under irrigation (Fitzgerald-Moore & Parai, 1996). By 1980, 
the total area of irrigated land increased to 39 million hectares, with 9 million new hectares 
coming under irrigation between 1965 and 1980 (Fitzgerald-Moore & Parai, 1996). The CIA 
World Factbook ranked India as number one in most irrigated land area, followed by China and 
the U.S. (CIA, 2012). Particularly, in India the two sources of irrigation water are tube wells and 
canals (Fitzgerald-Moore & Parai, 1996). Tube wells use pumps to draw water out of aquifers, 
while canals are supplied by dammed reservoirs (Fitzgerald-Moore & Parai, 1996). In the post- 
GR period, India saw substantial increases in the construction of tube wells, dams, and canals 
which were made possible by government funded projects, as well as loans and subsidies 
provided to individual farmers for drilling (Fitzgerald-Moore & Parai, 1996). Until 1951, the 
number of tube wells in India was only 2500 (Mondal, 2015). By 1960, 200,000 electrical tube 
wells had been constructed and by 1995-1996, there were over 4 million (Mondal, 2015). During 
the same period, diesel-powered pumps increased from 2-300,000 to 3 million (Mondal, 2015). A 
similar trend occurred for the creation of dams. From 1951 to 1960, 234 large dams were 
established in India (Central Water Commission, 2016). Between 1961 and 1970, the total 
number of dams built doubled to 498 and then nearly tripled to 1262 in the following two 
decades (Central Water Commission, 2016). By the end of the 1980s, canals in India accounted 
 
for about 20% of the world’s irrigated lands and over 33% of its agricultural area was under 
irrigation (Fitzgerald-Moore & Parai, 1996). Today, a total of 8.8 million hectares of India’s 
farmland are irrigated (India-WRIS, 2015). 
In the U.S., irrigated agriculture accounts for 80-90% of total freshwater consumption (USDA- 
ERS, 2015). From 1955-1960, total water use due to irrigation was just above 100 million acre- 
feet1 per year (USDA-ERS, 2015). Steady increases occurred until reaching its peak at 184 
million acre feet per year between 1975 and 1980 (USDA-ERS, 2015). Prior to the 1980 peak, 
the most common method of irrigation was flood irrigation, which pumps water from surface 
water sources (i.e. streams, rivers, lakes, etc.) or from underground aquifers to the crop field 
(USDA-ERS, 2015). Since 1980, the U.S has seen a steady drop in freshwater withdrawals, 
primarily because farmers have moved to irrigation systems that are more efficient (USDA-ERS, 
2015). Modern flood irrigation techniques include leveling of fields, which allows for a more 
even distribution of water, surge flooding which reduces water runoff, and capture and reuse of 
runoff (USGS, 2016). Other modern irrigation systems use drip or trickle irrigation, or low 
pressure sprinklers to reduce the quantity of water released (USGS, 2016). There appears to be a 
linear trend towards increasingly efficient irrigation systems with time. In 1984, 62% of irrigated 
acres employed flood irrigation, compared to just 34% in 2013 (USDA-ERS, 2015). Likewise,  
an increase in the proportion of farms using sprinklers increased from 37% to 76% during the 
same time period (USDA-ERS, 2015). The most recent estimates of water applications to U.S. 
farmland are reported for 2010 at 129 million acre feet; a 10% reduction from 2005 levels and a 








1One acre-foot is equivalent to 325,851 gallons of water 
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1.2.3. Increased application of chemical pesticides 
 
GR farming is typically based on genetically uniform monocultures (Fitzgerald-Moore & Parai, 
1996), as opposed to pre-GR crops that tended to be more diverse and possessed inherent 
resistance to local pests and pathogens. This way, when outbreaks occurred, genetic variation 
ensured that not all individuals were affected. Furthermore, traditional farming practices   
included crop rotation, which inhibited the spread of infestations (Fitzgerald-Moore & Parai, 
1996). Such practices were discontinued in the post-GR period, which created a dependency on 
chemical pesticides and thus an increase in their use (Fitzgerald-Moore & Parai, 1996). During 
the mid-1950s, global pesticide use was approximately 2,000 tons annually (Fitzgerald-Moore & 
Parai, 1996). By mid-1980s, consumption reached over 40 times as much (Fitzgerald-Moore & 
Parai, 1996). Today, global pesticide use is roughly 2 million tons per year, of which Europe 
accounts for 45%, and the U.S. accounts for 25% (De et al., 2014). France, Italy, Spain, U.K, and 
Germany are among the top five largest consumers globally (De et al., 2014), although there have 
been reductions in some of these countries beginning in 1990 to early 2000s. From 1985- 2001 
the average quantity of pesticides sold in France was roughly 98,000 metric tons of active 
ingredient (a.i.), which was reduced by 21% in the following decade (European Commission, 
2016). Similar trends have been recorded for Italy and the U.K reaching reductions of 23% from 
1992-2014, and 37% from 1990-2014, respectively (European Commission, 2016). On the other 
hand, countries such as Spain and Germany have actually seen increases in pesticide use in recent 
years. In Spain, pesticide sales increased by 97% from 2001 levels between years 2011- 2014 
(European Commission, 2016), and by 29% from 2008 levels in Germany for the same period 
(European Commission, 2016). 
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In the U.S., pesticide consumption has changed dramatically since 1960. A 2014 study  
conducted by the USDA Economic Research Service analyzed pesticide use on the 21 most 
treated crops, and found that application increased from 196 million pounds a.i. in 1960 to 632 
million pounds a.i. in 1981 (Fernandez-Cornejo et al., 2014). Such rapid growth was primarily a 
function of increased herbicide use, especially since price declines incentivized herbicide 
treatment over mechanical weed control (Fernandez-Cornejo et al., 2014). However, fluctuations 
in pesticide use from 1982 to 2008 have resulted in a net decrease in total consumption to 516 
million pounds a.i. (Fernandez-Cornejo et al., 2014). These fluctuations were driven by several 
factors including changes in planted acreage, pesticide regulations, and weather patterns as well 
as the adoption of genetically engineered (GE) seeds (Fernandez-Cornejo et al., 2014). Although 
a small net decrease in total pesticide use was reported for the latest data collected in 2008, an 
overall increase is projected for more recent years due to continued expansion of corn production 
for ethanol (Fernandez-Cornejo et al., 2014). Corn has been the most pesticide-intensive crop in 
the U.S. since 1972, and received 39.5% of total pesticides in 2008, most of which was due to 
herbicide treatment (Fernandez-Cornejo et al., 2014). 
1.2.4. Increased mechanization 
 
Farmers with extra profits often invest in new machinery, allowing them to mass produce, which 
encourages a more industrial approach to agriculture. Current mechanized agriculture includes 
the use of tractors, trucks, threshers, harvesters, crop dusters, and other specialized vehicles 
(National Academy of Engineering, 2016). This component is often the most expensive to 
farmers, whom already struggle with thin profit margins. Thus, government support systems 
were established to lower costs of machinery as well as electricity, fuel, and maintenance 
(Fitzgerald-Moore & Parai, 1996), which improved access even to poor farmers. For example, in 
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Punjab, India the use of tractors increased from 1,392 in 1960 to over 260,000 by the 1990s 
(Fitzgerald-Moore & Parai, 1996). Marketing systems were also created to allow farmers to 
produce cash crops, often in order to repay loans or to provide a means for purchasing inputs or 
equipment (Fitzgerald-Moore & Parai, 1996). The technological changes brought about by the 
GR, combined with supportive institutional and policy changes led to a conversion from 
subsistence to commercial agriculture in most of the world. 
1.3. Sustainability issues of conventional farming 
 
1.3.1. Nutrient pollution and eutrophication 
 
Since the intensification of agriculture became standard, several concerns of sustainability have 
arisen. There is a great deal of evidence showing that the high input demand for HYV cultivation 
actually damages long-term productivity and biodiversity. The application of copious amounts of 
fertilizer is one of the leading causes of nutrient pollution in both coastal and inland waters 
(Boesch & Brinsfield, 2000). Fertilizers are high in nitrogen and phosphorus, as they are often 
limiting factors for plant growth (United Nations Environment Programme, 2016). However, 
irrigation and stormwater carry much of these nutrients into water bodies and encourage growth 
of algae, and other aquatic weeds such as water hyacinths (Eichhornia crassipes) and Pistia at 
the surface, a process known as eutrophication (United Nations Environment Programme, 2016). 
As plants decompose, levels of dissolved oxygen become depleted and less available to other 
aquatic life (United Nations Environment Programme, 2016) . Severe levels of such hypoxia can 
stress or kill fish and crustaceans at the benthic layer (United Nations Environment Programme, 
2016). Additionally, decreased oxygen supply and increased microbial activity often leads to 
greater emissions of gases, such as hydrogen sulfide and ammonia, which are noxious to wildlife 
(United Nations Environment Programme, 2016). In many cases, hypoxic or anoxic conditions 
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have led to the formation of dead zones, where fish cannot live. These have been reported for 
more than 400 ecosystems around the world (Diaz & Rosenburg, 2008). In fact, the number of 
dead zones recorded has doubled every decade since the 1960s (Diaz & Rosenburg, 2008). If this 
trend continues, it will likely become a serious threat to food security. According to The World 
Bank’s most recent report, proteins derived from fish account for 16.6% of the world’s diet (The 
World Bank, 2013). Hence, the challenge to feed 9 billion people by 2050 will become even 
more challenging if this important food source is not maintained. 
Agriculture has contributed to the most severe cases of eutrophication, stemming not only from 
fertilizer application, but also animal waste, drainage water, and the conversion of wetlands and 
riparian zones (many of which are significant nutrient sinks) to farmlands (Boesch & Brinsfield, 
2000). In fact, in the U.S., agriculture is the largest source of nonpoint water pollution (Muir, 
2012). However, such pollution and the subsequent eutrophication can affect crop productivity 
by restricting access to surface waters (United Nations Environment Programme, 2016). Dense 
mats of algae, Eichhornia, and/or Pistia can cover areas large enough to block irrigation, and 
hinder farmers’ ability to meet the water demands of HYVs, which ultimately decrease yields 
(United Nations Environment Programme, 2016). 
1.3.2. Natural gas depletion 
 
The mode by which fertilizers are manufactured raise sustainability concerns. Fertilizers are 
most commonly produced via the Haber-Bosch process, which converts atmospheric nitrogen 
into ammonia using natural gas as a hydrogen source (Copplestone & Kirk, 2008). Considering 
natural gas is a non-renewable resource, current practices of the fertilizer industry will likely 
change. According to analyses conducted by the U.S. Energy Information Administration (EIA), 
the Oil and Gas Journal, and World Oil, the global supply of proved natural gas reserves stands 
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at about 6.6 trillion cubic feet (EIA, 2015). In 2014, the average usage rate of natural gas by 
industrial plants in the U.S. alone was 21 billion cubic feet per day (Bcf/d), and a 7.3% increase 
is projected by the end of 2016 (EIA, 2015). As natural gas supplies will eventually decline, 
alternative methods of increasing agricultural output are gaining more attention. 
1.3.3. Freshwater depletion and soil degradation 
 
Currently, agriculture accounts for 70% of the world’s freshwater withdrawals (The World 
Bank, 2016). The majority of which are used on approximately 20% of the world’s irrigated 
agricultural lands, from which 40% of global food supply is produced (FAO, 2011). By 2050 the 
global water demand for irrigated agriculture is projected to increase by at least 11% in order to 
match the demand for plant biomass production (FAO, 2011). While freshwater is considered to 
be renewable, its reserves can become depleted when extractions exceed rates of replenishment. 
1.3.3.1. River depletion 
 
In many cases, withdrawals have led to shrinkages of water ecosystems. River depletion occurs 
when there is a decrease in flow over time (Falkenmark & Lannerstad, 2004). According to 
Meybeck, when river flow reduction reaches 50%, it can be attributed to “new” absence of flow, 
i.e. human consumptive use (Meybeck, 2003). Lannerstad identified irrigation as the primary 
reason for flow reduction, often causing some rivers to change from perennial to intermittent 
(Falkenmark & Lannerstad, 2004). The most evident example is the Aral Sea in Central Asia, 
which is fed by the Amu Darya and Syr Darya rivers (Falkenmark & Lannerstad, 2004). Once 
the fourth largest water body in the world, it is now 10% of its area and less than 10% of its 
volume compared to the mid-20th century (Izhitskiy et al., 2016; UNEP, 2014). Due to large- 





Figure 1. Satellite images of the Aral Sea in the year (A) 1962 — taken by an unknown satellite, 
(B) 1980 — taken by Meteor, (C) 1990 — taken by Landsat and (D) 2009 — taken by Modis. The 
outline represents the metastable lake level of the Aral Sea prior to 1960 derived from a nautical 
chart. 
(Krivonogov et al. (2014) The fluctuating Aral Sea: A multidisciplinary-based history of the last two 
thousand years. Gondwana Research, 284–300.) 
 
that were lush wetlands and riparian habitats have vanished (Falkenmark & Lannerstad, 2004). 
By 1989, the northernmost part of the sea separated completely from the principal water body, 
forming the Small Aral Sea (Izhitskiy et al., 2016). Subsequently, the southern part, known as 
the Large Aral Sea, divided into the Eastern Large Aral and the Western Large Aral, with an 
intermittent connecting channel in the north (Izhitskiy et al., 2016). By the summer of 2014 the 
Eastern Large Aral was completely dry, but it was partially filled again in spring of 2015 
(Izhitskiy et al., 2016). This instability in water level has led some to believe that the complete 
dissaperance of the Eastern Large Aral may be imminent (Izhitskiy et al., 2016). Water levels 
have stabilized in the Small Aral Sea due to the construction of a dam in 2005 (Izhitskiy et al., 
2016; UNEP, 2014). The project was designed to contain all discharges from the Syr Darya in 
the Small Aral Sea, however this further deteriorates the condition of the Large Aral Sea by 
blocking flow to it (Izhitskiy et al., 2016). Over the past few decades, the Aral Sea has 
transformed from an immense ocean to a system of separate water bodies that share a common 
D A B C 
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origin (Izhitskiy et al., 2016). 
 
The Indus River in Pakistan is also experiencing dessication. This historically perennial river 
irrigates more than 14 million ha of farmland (Falkenmark & Lannerstad, 2004). Since the 
1980s, when the average number of days to reach the delta was zero, there have been several 
large scale reservoirs installed diverting water away from the Arabian Sea (Falkenmark & 
Lannerstad, 2004). Presently, the average time of outflow to the sea is 26 days during the dry 
season and 81 days during the wet season (Falkenmark & Lannerstad, 2004). Overall, only 21% 
of historical dry season flow now reach the delta and the Arabian coast (Falkenmark & 
Lannerstad, 2004). 
In the U.S., the Colorado River has experienced rapid rates of river depletion. A total of 29 dams, 
14 along the mainstem, exist along the river, with hundreds of canals and other diversions along 
its tributaries (Mickens, 2006). The Colorado River provides irrigation to 800,000 ha and  
supplies drinking water to 25 million people, of which 16 million rely on transported water to 
distant areas of Southern California (Falkenmark & Lannerstad, 2004). Since 1960, there have 
hardly been any discharges to the Gulf of California (Falkenmark & Lannerstad, 2004). However, 
after efforts were made by researchers at the Sonoran Institute to release experimental pulse 
floods, the river reached the Californian Gulf in May of 2014, for the first time in 16 years 
(Oskin, 2014). 
1.3.3.2. Groundwater depletion 
Important groundwater sources are facing threats of depletion as well. According to Postel 
(1999), non-recharged groundwater overdraft levels in 1995 amounted to 200 km3, which is 
equivalent to 10% of global grain harvest. The three major groundwater-depleting countries are 
India, China and the U.S. (Postel, 1999). In 2000, the International Water Management Institute 
reported that as much as 25% of India’s harvest relied on groundwater overdraft (Falkenmark & 
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Lannerstad, 2004). One example is shown by increased abstraction efforts in the state of Gujarat 
(Falkenmark & Lannerstad, 2004). In the early 1970s, bailers could lift water from wells, which 
were 10–15 m deep (Falkenmark & Lannerstad, 2004). However, since the early 2000s, electric 
tube wells pump groundwater from more than 400m depth to the surface (Falkenmark & 
Lannerstad, 2004). Overdrafts were occurring so rapidly in Gujarat that as early as 1976, the 
United Nations Development Programme (UNDP) estimated that groundwater extractions had to 
be reduced by 25% in order to reach sustainable levels (Moench et al., 2003). 
The North China Plain has faced a severely declining water table since the mid-1960s 
(Falkenmark & Lannerstad, 2004). The region encompasses 64% of China’s farmlands, with 
50% of its wheat yield and a third of its corn harvest (Falkenmark & Lannerstad, 2004). The 
groundwater table under Beijing has dropped 59m since 1965, and 2.5m in 1999 alone (Moench 
et al., 2003). It has been reported that the Hai basin experiences an annual decline of as much as 
nine km3 (Foster & Chilton, 2003). In 2001, the Chinese Ministry of Water Resources published 
a water strategy report for North China focused on the Hai, Huai and Yellow Rivers (Moench et 
al., 2003). The report acknowledged the need to reduce abstractions to sustainable levels or risk 
the total collapse of groundwater-dependent agriculture, the intrusion of seawater into its 
aquifers, and the elimination of groundwater as source of potable water for many municipalities 
(Moench et al., 2003). 
The most well-known example of groundwater depletion in the U.S. is the Ogallala Aquifer. It 
supplies 81% of the freshwater used in the Western High Plains of the U.S, of which 94% is used 
for irrigating lands in that region; specifically in the states of Colorado, Kansas, Nebraska, New 
Mexico, Oklahoma, South Dakota, Texas, and Wyoming (Massachusetts Institute of   
Technology, 2008). These states provide 19% of the nation’s wheat, 19% of its cotton, 15% of its 
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corn, and 3% of its sorghum (Massachusetts Institute of Technology, 2008). The USGS reports 
that the Ogallala Aquifer is recharged at an estimated average rate of 22-25mm per year, while 
net withdrawals occur at an average rate of approximately 55mm per year (Massachusetts 
Institute of Technology, 2008). The effects of such disproportional use are already visible. Since 
predevelopment, water levels have declined over 150 feet in some areas, and the saturated 
thickness has been reduced by more than half in certain areas (USGS, 2016). It is clear that 
continuation of such overdrafts will ultimately lead to total exhaustion of this important 
freshwater sink, which provides a significant portion of the nation’s food supply. 
1.3.3.3. Waterlogging 
 
While expanding irrigation has traditionally been the key to increasing agricultural output, 
limitations on water availability have led to a recent focus on increasing efficiency so that more 
crops can be irrigated while using the same amount, or minimal increases of water 
(Massachusetts Institute of Technology, 2010). This has primarily been addressed by 
implementing more efficient infrastructure and improved irrigation scheduling (Massachusetts 
Institute of Technology, 2010). However, it is worth noting that the practice of irrigation itself 
may threaten productivity, even without consideration for water depletion. In many cases, the 
addition of water to the ground has increased soil salinity to a level that is toxic to vegetation 
(Massachusetts Institute of Technology, 2010). Salinization can occur when an area of land 
becomes waterlogged; meaning the rate at which water flows into the ground is greater than that 
at which it leaves (Massachusetts Institute of Technology, 2010). The rising water table is 
subject to evaporation as it approaches warmer temperatures near the earth, thereby 
concentrating any salts that were in the water, while pushing up more dissolved salts from the 
aquifer or subsoil zone (Massachusetts Institute of Technology, 2010). This is especially 
17  
prevalent in arid regions where soil drainage is poor and the land is irrigated excessively, often 
without proper drainage systems (Massachusetts Institute of Technology, 2010). It has been 
reported that water logging affects 50% of all irrigated lands, and decreases productivity by 20% 
(Stockle, 2001). In 2001, Stockle reported a reduction in U.S. crop productivity by 25-30%, and 
a reduction in Mexico’s grain production by one million tons per year, due to salinization alone 
(Stockle, 2001). Such predicaments raise the question of whether expanding or even optimizing 
irrigation systems should be a focus for increasing crop yields in the future. Many arguments 
have been made to reduce the reliance on irrigation and the stress on freshwater resources by 
adopting crops that are more drought-tolerant or have reduced water requirements 
(Massachusetts Institute of Technology, 2010). 
1.3.4. Pesticides 
 
Conventional farming primarily relies on chemical means to control pests including insects, 
animals, weeds, and diseases. However, there are a number of challenges that arise with the 
widespread application of pesticides. 
1.3.4.1. Pest resistance 
 
Due to their cidal quality, pesticides create strong unidirectional selection pressure for 
resistance, resulting in rapid loss of pest control and the exacerbation of infestations with a 
diminishing arsenal with which to combat (Georghiou & Saito, 1983). For example, in 1970 a 
reported 228 species of arthropods were resistant to at least one of seven insecticides including 
DDT, cyclodienes, organonophosphates, carbamates, pyrethroids, fumigants, and others 
(Georghiou & Saito, 1983). By 1980, 428 species were reported, of which 60% were of 
agricultural importance (Georghiou & Saito, 1983). By 1991, the number of arthropods resistant 
to at least one insecticide was recorded as 504 (Vasquez, 1995). Two particular species, the 
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Colorado potato beetle (Leptinotarsa decemlineata) and the diamondback moth (Plutella 
xylostella), have been identified as being resistant to all synthetic insecticides registered against 
them, as well as biological insecticides such as Bacillus thurengiensis (Vasquez, 1995). While 
these two species have been especially challenging to pest control, they have also been very 
influential in the development of Integrated Pest Management (IPM) strategies since 1990 
(Vasquez, 1995). In the case of herbicide resistance, the U.S. has seen the greatest increase in 
reported instances of species tolerant to all five types of herbicides including broad spectrum, 
selective, contact, systemic and residual (Heap, 2016). In 1980, there were nine reported cases, 
compared to 156 in 2015 (Heap, 2016). Globally, an increase from 39 to 470 cases was seen for 
the same period (Heap, 2016). Considering the U.S. is the largest herbicide consumer and 
therefore applies the most selection pressure on weeds (Fernandez-Cornejo, et al., 2014), a 
continued increase in national weed resistance cases is expected. 
The world has not only seen an increase in the number of reported cases of resistance, but also a 
continued decrease in the time taken for resistance to emerge. For example, organo-mercurials 
were one of the first classes of fungicides to be commercially produced and were used primarily 
to combat leaf spot and stripe on cereal crops (Brent & Hollomon, 2007). It wasn’t until 40 years 
after their introduction that the first cases of resistance were observed (Brent & Hollomon, 2007). 
Similarly, aromatic hydrocarbons were introduced 20 years before the first reported cases of 
resistance (Brent & Hollomon, 2007). However, for newer classes of fungicides such as 
phenylamides, dicarboximides, quinone outside inhibitors (QoIs) and melanin biosynthesis 
inhibitors (MBI-Ds), the time of commercial application before emergence of resistance was 
merely 2-5 years (Brent & Hollomon, 2007). Such a trend would indicate a need for long-term 
effective alternatives to pest control in order to maintain global food supply. 
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1.3.4.2. Loss of soil fertility 
 
The loss of effectiveness overtime is not the only quality of pesticide use, which makes its sole 
reliance unsustainable. There is evidence to support the idea that application of pesticides 
adversely affects soil fertility via suppression of soil microbial activity. Fox et al. (2007) 
conducted a study to determine the effects of the insecticides methyl parathion, DDT, and 
pentachlorophenol on N-fixing symbiosis between alfalfa (Medicago sativa var. Iroquois) and 
Sinorhizobium meliloti. The study found that inoculated seedlings treated once with all three 
insecticides had significantly lower dry biomass yields, formed fewer nodules, and exhibited a 
slower rate of nitrogenase activity over a six-week period, compared to inoculated seedlings 
without chemical treatment (Fox et al., 2007). The results of this study suggests that widespread 
application of pesticides to increase crop yields may be counterproductive, since industrial 
farming partially relies on symbiotic nitrogen fixation to resupply nitrogen to the soil. In fact, 
replacing N-fixing bacteria with synthetic fertilizer would cost the agricultural industry 10 billion 
dollars annually (Fox et al., 2007). Furthermore, studies have shown that some pesticides can 
harm non-target soil organisms that may be beneficial to agricultural production. For example, 
Rebecchi et al. (2000) showed the herbicide triasulfuron reduced some species of Collembola in 
agricultural soils (Rebecci et al, 2000). Collembola are an abundant class of microarthropods that 
are well known for their role in feeding on mycelia and spores of various fungi, many of which 
are plant pathogens (Sabatini & Innocenti, 2001). Additionally, they may disperse spores of 
mychorrhizal fungi that form mutualistic relationships with plants, which increase biomass and 
yield (Klironomos & Moutoglis, 1999). Furthermore, fungicides such as, fenpropimorph, have 
shown effects on non-target beneficial fungi such as saprophytic fungi, which play an important 
role in carbon mobilization in soil (Johnsen et al., 2001). Pest management strategies of the 
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future should focus on stimulating soil biodiversity, since microbes are a cost-effective and 
environmentally sustainable way of maintaining soil fertility. 
1.4. Agriculture’s Contribution to Global Climate Change 
 
Due to mounting evidence for global climate change, there have been recent calls to immediate 
action to decelerate the pace at which global warming is occurring. With a focus on reducing 
anthropological greenhouse gas (GHG) emissions, one target can be within the agricultural 
sector, since it directly contributes to GHG emissions through multiple processes. 
1.4.1 Emissions from synthetic fertilizers 
 
The application of synthetic fertilizers produces nitrous oxide (N2O) through the microbial 
processes of nitrification and denitrification (EPA, 2016). Increases in fertilizer spread, increases 
soil availability of ammonia or ammonium, which drive these processes (EPA, 2016). In fact, 
between 2001-2011 global annual emissions from synthetic fertilizers rose by 37%, from 530 to 
725 Mt CO2 eq (Tubiello, et al., 2014). This growing trend in N2O emissions is particularly 
concerning considering N2O is a more powerful GHG than CO2. One pound of atmospheric N2O 
has 300 times the warming effect of one pound of CO2 (EPA, 2016). In addition, molecules of 
N2O persist in the atmosphere for much longer than CO2, at an average of 114 years before 
removal (EPA, 2016). 
1.4.2 Emissions from rice cultivation 
 
A majority of the world’s rice is grown on flooded fields known as rice paddies. However, the 
practice of flooding creates anaerobic conditions that facilitate methane (CH4) production by 
methanogenic bacteria (EPA, 2016). While 60-90% of the CH4 produced is oxidized to CO2 in 
the soil by methanotrophic bacteria, the remaining 10-40% is released directly into the 
atmosphere (EPA, 2016). In 2011, world annual GHG emissions from rice cultivation accounted 
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for 10% of total emissions from agriculture (Tubiello, et al., 2014). Between 2001-2011, annual 
rice field emissions increased by 8%, from 483 to 522 Mt CO2 eq (Tubiello, et al., 2014). CH4 is 
also more powerful in heat trapping capacity than CO2 (EPA, 2016). CH4’s impact on climate 
change is 25 times that of CO2 over a 100-year period (EPA, 2016). Therefore, it has been a 
target for mitigation efforts. Numerous studies have shown that improved water management and 
decreased irrigation have the largest potential to reduce CH4 emissions from rice cultivation 
(EPA, 2016). Practices such as aeration and drainage also significantly reduce emissions (EPA, 
2016). 
1.4.3. Emissions from mechanized labor 
 
The use of equipment such as tractors, combines, trucks and irrigation pumps operate by the 
combustion of fossil fuels to release CO2 (EPA, 2016). CO2 is the primary GHG emitted by 
human activities (EPA, 2016), and its emissions from agriculture have been increasing. Between 
2000-2010, global CO2 emissions from energy use in agriculture increased by 20%, from 651- 
785 Mt CO2 eq (Tubiello, et al., 2014). Moreover, these estimates do not include emissions 
produced during manufacture of fertilizers, pesticides and equipment. 
1.5. Limitations of conservative agriculture 
 
Many farmers have taken measures to reduce costs and environmental impacts of conventional 
farming through the implementation of conservative agriculture (CA) (Carvajal-Muñoz & 
Carmona-Garcia, 2012). Practices such as biofertilization can reduce N2O emissions and limit 
eutrophication by relying less on synthetic fertilizers and more on compost soils and biological 
nitrogen fixation (BNF) (Carvajal-Muñoz & Carmona-Garcia, 2012). However, these techniques 
alone are often insufficient to produce high crop yields and therefore, additional inputs are 
needed such as, animal manure and biosolids from domestic sewage waste (Carvajal-Muñoz & 
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Carmona-Garcia, 2012). Aside from safety concerns surrounding their potential to spread 
infectious diseases, the application of animal waste to soils primarily releases CH4 during 
decomposition (Tubiello, et al., 2014; HSUS, 2008). Thus, while N2O emissions may decrease, 
CH4 emissions may rise. Furthermore, biofertilizers, including compost and waste products, 
have highly variable nutrient compositions. And, typically require larger volumes for land 
application due to low nutrient contents compared to chemical fertilizers (Carvajal-Muñoz & 
Carmona-Garcia, 2012), which may make large-scale production unfeasible. 
Additionally, many CA models include water conservation methods such as drip/sprinkler 
irrigation systems, irrigation scheduling, measuring irrigation water use (Texas Water 
Development Board, 2006), and/or recycling of run-off (CRWFS, 2012). While these practices 
do eliminate excessive water use, and potentially reduce CH4 emissions, they do not actually 
address the high water requirements of today’s HYVs. Hence, as production rises to meet food 
demands, water consumption will inevitably rise, while fresh water supplies remain finite. 
Many agricultural systems have employed Integrated Pest Management (IPM) strategies to 
decrease pesticide use and prevent infestations long-term. IPM combines multiple prevention and 
control methods. Some prevention methods include installing pest barriers, removing  
unnecessary vegetation and clutter, and educating farmers on pest management (EPA, 2016). 
Some control methods include setting pest traps, physically removing pests, performing 
heat/cold treatments, and limited pesticide applications (EPA, 2016). While IPM has shown to 
reduce pesticide use by as much as 97% in some areas (Mader, et al., 2002), it has not been 
shown to offer plants any resistance or tolerance to pests. In addition, effective IPM strategies 
require extensive monitoring and inspection, and must be customized to the specific location, 
which can be both time consuming and expensive (EPA, 2016). 
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A more promising option is presented in genetically engineered (GE) crops, in which targeted 
traits such as disease resistance, improved nutrient acquisition and drought resistance can be 
cloned into crops, without sacrificing yields. However, this technology has faced a multitude of 
negative perceptions in the press and around the world, and is slow to gain acceptance among the 
public. Therefore, there is a need for immediate natural and sustainable technologies that boost 
crop yield. 
1.6. Bacterial Endophytes 
 
There is potential to bridge some of the gaps in conservative farming while increasing yield by 
way of bacterial endophytes. Endophytes are ubiquitous in most studied plants and are defined as 
plant symbionts that colonize vascular tissue without harming the plant (Hallmann et al., 1997). 
The integration of select endophytes in industrial farming can potentially reduce fertilizer and 
water requirements, as well as protect crops from biotic and abiotic stress. In fact, many have 
been shown to promote plant health and stimulate growth by producing a blend of volatile 
organic compounds (VOCs). Many VOCs, such as 2,3 hydroxybutanone (acetoin) and 2,3 
butanediol, mimic the effects of phytohormones (Ryu et al., 2003). These were characterized as 
the most abundant growth promoting components in the exudates of Bacillus subtilis and B. 
amyloliquefaciens (Ryu et al., 2003). It was found that Arabidopsis thaliana plants in association 
with these microbial strains had significantly greater total leaf surface area compared to control 
plants or plants associated with non-growth promoting bacteria, such as Escherichia coli (Ryu et 
al., 2003). An exception occurred for mutant plants defective in the cytokinin (CRE1) and 
ethylene (EIN2) signaling pathways, which suggests these genes play a role in plant growth 
promotion by endophytes (Ryu et al., 2003). 
One of the first obvious signs of growth enhancement by endophyte inoculation is enhanced root 
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development. A study using hybrid poplar (Populus deltoides Bartr x Populus nigra L., clone 
OP-367) showed that inoculation with Enterobacter sp. 638 resulted in an 84% significant 
increase in root growth compared to uninoculated plants (Rogers et al., 2011). A larger root 
system allows for greater acquisition of water and nutrients, which results in greater total 
biomass (Rogers et al., 2011). 
Endophytes have also been shown to stimulate plant growth directly by producing plant growth 
hormones. Auxins are a well-studied class of plant hormones that are known to play a role in a 
variety of plant responses including, but not limited to, cell elongation, cell division, apical 
dominance, root initiation, and fruit development (Taiz & Zeiger, 2006). Indole-3-acetic acid 
(IAA) is the predominant auxin synthesized by all studied plants (Taiz & Zeiger, 2006). Several 
studies have shown IAA can be produced by a variety of endophytic bacteria, including members 
of Arthrobacter (Sziderics, 2007), Bacillus (Ryu et al., 2003; Sziderics et al., 2007) and 
Enterobacter (Taghavi, et al., 2010). 
Furthermore, many endophytes produce the enzyme 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase (Glick, 2005). This enzyme functions by cleaving and sequestering plant-produced 
ACC, which in turn lowers the level of ethylene in the plant (Glick, 2005). Ethylene (or ethene 
C2H2) is naturally synthesized by plants, but at excessive levels may reduce the plant’s 
resistance to environmental stressors (Glick, 2005). Therefore, ACC deaminase indirectly 
enhances the plant’s ability to resist stress. 
Endophytes can potentially allow for a reduction in use of pesticides by increasing tolerance to 
pests and diseases in their hosts. Several species have been shown to produce compounds that 
trigger plant defenses. The use of bacterial antagonists against the spread of the fungal pathogen, 
Rhizoctonia solani has been studied (Kai et al., 2006). One common volatile compound, 2- 
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phenylethanol, was characterized from the exudates of several genera including Serratia, 
Staphylococcus, Stenotrophomonas, and Enterobacter (Kai et al., 2006; Taghavi et al., 2010). In 
the presence of some of these species, the spread of R. solani mycelia was inhibited by 80-99% 
(Kai et al., 2006). 
It has also been proposed that endophytes improve plant health by competing for nutrients with 
pathogens (Hallmann et al., 1997). Antagonistic bacteria have the ability to outcompete 
pathogens using more efficient nutrient uptake systems, consequently suppressing the pathogen’s 
growth (Hallmann et al., 1997; Kai et al., 2006). One method of doing this is by depriving other 
microbes, which include putative pathogens, of iron (Taghavi et al, 2010). Iron is often a limiting 
factor for microbial growth, and endophytes that possess systems that allow for greater iron 
uptake can potentially offer the host better protection against pathogens (Taghavi et al., 2010). 
Additionally, certain endophytes have been known to possess oxidative compounds that are 
effective against fungal pathogens. Several studies have shown that that the endophyte 
Pseudomonas fluorescens strain WCS417r, contains an O-antigenic side chain on its outer 
membrane (Duijff, 1997). This functional group was shown to be extremely effective in 
suppressing the growth of the causal agent of fusarium wilt disease in tomato (Duijff, 1997). 
Furthermore, certain endophytic pseudomonads have been shown to be effective against the 
spread of insect pests (Ramamoorthy et al., 2001). Previous research showed that Helicoverpa 
armigera larvae that fed on cotton plants treated with Pseudomonas gladioli had reduced 
consumption rates and digestibility of feed compared to those that fed on untreated cotton plants 
(Ramamoorthy et al., 2001). Herbivore deterrence was due to a bacterial-induced increase in 
plant terpenoid and polyphenol content (Ramamoorthy et al., 2001). 
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Endophytes have also been shown to increase plant tolerance against abiotic stress. Sziderics et 
al. (2007) showed that members of genera Arthrobacter and Bacillus can increase total biomass 
of pepper plants (Capsicum annuum L.) under osmotic pressure (Sziderics et al., 2007). This 
study also showed that these endophytes help the plant better adapt to osmolytic imbalance. It 
was found that the concentration of proline, a key metabolite synthesized in response to a variety 
of stressors, in leaves of plants treated with polyethylene glycol (PEG) 6000 was higher in 
inoculated plants compared to treated plants that were uninoculated (Sziderics et al., 2007). This 
would suggest that inoculation with Arthrobacter strain EZB4, or Bacillus sp TW4 strain EZB8 
induces greater synthesis of proline, which helps the plant withstand osmotic stress. 
1.7 Thesis summary: The potential to enhance biomass and crop yield of tomato using 
 
Enterobacter sp. 638 
 
As discussed previously, different endophytes can offer a variety of benefits to their host. Our 
bacterium of interest, Enterobacter sp. 638, is one that shows great promise for its potential use 
as a plant growth stimulant. Taghavi et al. (2010) showed E. 638 possesses the genes necessary  
to produce IAA, acetoin, 2, 3 butanediol and 2-phenylethanol. These compounds have been 
shown to be involved in increasing root growth and lateral root branching (Taiz & Zeiger, 2006), 
increase leaf surface area (Ryu et al., 2003) and aid in plant defenses (Kai et al., 2006; Taghavi et 
al., 2010), respectively. E. 638 has also been shown to have a very efficient iron uptake system, 
which can potentially deprive pathogenic microbes of the iron necessary for their growth 
(Taghavi et al., 2010). It contains two ferrous iron uptake systems and nine iron ABC transporters 
(Taghavi et al, 2010). In comparison, this is more than double the amount of ABC transporters 
found in E. coli K12, a non-endophytic species (Taghavi et al., 2010). While it is known          
that E. 638 can positively affect the growth of its host plant, the conditions under which 
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growth enhancement occurs are not well known. A study conducted in 2009 using Solanum 
lycopersicum (tomato) grown under dry conditions showed a 10% increase in mass of fruit 
harvested from plants that were inoculated with E. 638 compared to controls (Newman, 
unpublished data). However, in 2011 the experiment was repeated using tomato plants grown 
outdoors in the absence of water stress. No significant difference in biomass or crop yields was 
seen between inoculated and uninoculated plants (Newman, unpublished data). These results 
raise the question of whether an impact in plant growth or crop productivity is seen only when 
the plant is under stress. Furthermore, Rogers et al. (2011) has shown that E. 638 can 
significantly increase root biomass of hybrid poplar, but the mechanisms by which this occurs 
are not known. The pathways and genes involved in plant response to E. 638 have not been 
studied and remain unclear. 
In this study, S. lycopersicum is inoculated with E. 638. Two factors, inoculation and stress, are 
examined for their effects on biomass (plant dry weight) and fruit production (fresh weight). 
Additionally, inoculation and time from first exposure are evaluated for effects on relative 
expression of key genes involved in cell elongation, IAA transport, and ethylene and cytokinin 
signaling. Auxin translocation is mediated by efflux and influx proteins, which transport IAA 
downward into the root, where it regulates root cell elongation and lateral branching (Pattison & 
Catala, 2012). Thus, a gene encoding the influx protein LAX1, was selected in order to elucidate 
whether inoculation impacts the auxin pathway. A gene encoding the protein Expansin 4 was 
selected because it was shown to be involved in cell wall disassembly and facilitation of cell 
enlargement (Fudali, et al., 2008). It may be directly involved in producing the response of 
increased biomass in inoculated plants. CRE1, encoding a histidine kinase that is also a cytokinin 
receptor, and EIN2, encoding an ethylene signaling protein, were also selected due to their 
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suspected involvement in responding to 2,3 butanediol and acetoin produced by Bacillus in A. 
thaliana (Ryu et al., 2003). 
The hypotheses for this study are: 
 
• Inoculation with E. 638 will alleviate water and nutrient stress. This will be shown by 
larger biomass and crop productivity compared to uninoculated stressed plants. 
• Enhanced root growth is facilitated by the up-regulation of CRE1, EIN2 and Expansin 4 
when in association with E. 638. 
• No significant increase in transcript level of LAX1 is expected because IAA was shown 
to be produced at very low levels (<4µg/ml) by E. 638 (Rogers et al., 2011). Therefore, it 
is not likely that enhanced root growth in inoculated plants is due to an increase in IAA. 
The results of this study will have important implications for modern-day farming as crop losses 
regularly occur due to changing weather patterns and disease outbreaks. The integration of E. 
638 in farming practices has the potential to maximize crop yields when conditions are 
unfavorable. In addition, a better understanding of the molecular processes between endophytes 
and their hosts can lead to opportunities to further increase yields or improve soil fertility, as 
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Aims: To assess the ability of Enterobacter sp. 638 to boost crop productivity and enhance plant 
growth under stressed conditions. 
Methods and Results: A two-level factorial design using stress and E. 638 inoculation as 
treatments was applied to examine effects on crop yield, time to flower, time to first produce 
fruit and first ripening event, as well as mass of fruit and vegetative tissue of Brandywine 
Tomato. Inoculated stressed plants produced significantly more fruit, and flowered, set fruit and 
ripened earlier than uninoculated controls. Inoculated stressd plants also had 30% larger root 
mass, while E. 638 had no significant impact on unstressed plants. Additionally, qPCR was used 
to measure the relative expression of genes involved in cell elongation, auxin transport, cytokinin 
signaling and ethylene signaling in roots. Significant increases in transcript level were             
seen for ethylene signaling protein (EIN2), cytokinin receptor protein (CRE1) and cell wall 
relaxing protein (EXPA4). 
Conclusions: E. 638 alleviates stress and increases root biomass in tomato. Gene expression 
analysis suggests E. 638 enhances growth by mimicking the effects of cytokinin and ethylene, 
and potentially increases vascularization in the root. 
Significance and Impact of the Study: E. 638 can potentially allow for sustainable crop 





The agriculture industry has seen a tremendous increase in productivity over the past century. 
This Green Revolution resulted from a variety of factors; one in particular was an increase in the 
use of nitrogen fertilizers and pesticides (Youngquist, 1999). As food production increased, 
societies became reliant on these chemicals to meet the demands of growing human populations. 
However, many of these fertilizers are derived from petroleum and its close relative, natural gas. 
The supply of both of these resources is not infinite hence, there is a need to develop alternative 
technologies that sustainably meet food demands. Additionally, it is well known that the 
application of excess nitrogenous fertilizers to soils releases N2O, a powerful greenhouse gas 
(GHG), which traps heat in the atmosphere contributing to global climate change (EPA, 2006). 
Aside from direct GHG emissions from soils, the agricultural industry releases a considerable 
amount of CO2 through the manufacturing of these fertilizers and pesticides (West and Marland, 
2002), and through the combustion of fossil fuels for mechanized labor (EPA, 2016). As 
concerns surrounding the dangers of global climate change continue to rise, efforts to mitigate 
agricultural GHG emissions should focus on decreasing our reliance upon petroleum-based 
products. 
The farming industry currently faces potential devastating annual crop losses, principally due to 
unpredictable weather patterns and disease outbreaks. In 2015, the USDA estimated commodity 
losses in the amount of $6.13 billion, while the cost in insurance premium rates for the same year 
totaled $9.75 billion (USDA, 2016). In addition, the commercial fishing and shellfish industry 
suffers annual losses in the tens of millions of dollars due to nutrient pollution primarily from 
agricultural run-off (EPA, 2012). Harmful algal blooms lower dissolved oxygen levels in water 
bodies, which in turn lowers fishery yields (EPA, 2012). In order to reduce economic losses, 
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there is a need to produce crops that are more resistant to disease, are more tolerant of changing 
weather patterns, and have decreased fertilizer needs. 
The issues of sustainability, climate change and economic losses in farming can potentially be 
addressed by the integration of bacterial endophytes in agricultural practices. Endophytes 
colonize internal tissue of the plant or may reside latently within vascular tissue (Taghavi, et al., 
2009; Hallmann et al., 1997). Studies have shown endophytes’ potential to enhance plant growth 
by either improving acquisition of nutrients (Rogers et al., 2011) or via nitrogen fixation (i.e. 
diazotrophy) (Richardson et al., 2009; Triplett, 1996). They have also been shown to provide 
tolerance to abiotic stress and resistance to disease (Hallmann et al., 1997; Kai et al., 2006; 
Sziderics et al., 2007). 
One particular endophyte, Enterobacter sp. 638 (E. 638) has been shown to have considerable 
impacts on the growth of its hosts. E. 638 was originally isolated from hybrid poplar plants used 
to remediate carbon tetrachloride (CTC)-contaminated soils (Taghavi, et al., 2009). Cuttings 
inoculated with E. 638 had significantly larger root systems, allowing for more efficient 
phytoextraction (Taghavi, et al., 2009). Another study conducted in 2009 showed that 
inoculation of Helianthus (sunflower) with E. 638 under water-stressed conditions resulted in a 
20% increase in overall plant biomass (Newman, unpublished data). Inoculated plants also 
flowered earlier compared to uninoculated controls (Newman, unpublished data). In both cases, 
inoculation produced a response in the presence of stress, suggesting that stressors are necessary 
in order for inoculation to have an impact on growth. 
Furthermore, one of the first responses produced by E. 638 is an increase in root biomass, but the 
underlying mechanisms are not known. The pathways and genes involved in plant response to E. 
638 have not been studied and remain unclear. 
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This study evaluates two factors, E. 638 inoculation and stress, for their effects on biomass (plant 
dry weight) and fruit production in tomato. We expect inoculation to increase biomass and crop 
productivity of plants that are stressed for water and nutrients. We suspect that stress will induce 
pressure on plants to use bacterial exudates; whereas in unstressed plants, the impact of 
inoculation on plant growth will be minimal due to lack of pressure. 
Inoculation and time from first exposure will be evaluated for effects on relative expression of 
key genes involved in IAA transport, cell elongation, ethylene signaling and cytokinin signaling. 
It is well known that auxins, such as Indole-3-acetic acid (IAA), play a primary role in root 
formation and lateral branching (Pattison and Catala, 2011). However, it is not known whether 
inoculation affects root growth via the auxin pathway. Therefore, this study examines LAX1, a 
gene encoding the auxin influx protein which regulates transport of IAA into the root (Pattison 
and Catala, 2011). In addition, expansin proteins have been shown to be involved in cell wall 
disassembly and cell enlargement (Fudali et al., 2008). The gene for one Expansin protein, 
LeEXPA4, was selected because it may be directly involved in producing the response of 
increased root mass in inoculated plants. CRE1, encoding a histidine kinase that is also a 
cytokinin receptor, and EIN2, encoding an ethylene signaling protein, were also selected due to 
their suspected involvement in responding to 2,3 butanediol and acetoin produced by both 
Bacillus in A. thaliana (Ryu et al., 2003), and E. 638 (Taghavi et al., 2010). We hypothesize that 
enhanced root growth is facilitated by the up-regulation of the aforementioned genes when in 
association with E. 638, with the exception of LAX1. Although IAA is a known root growth 
factor, it was shown to be produced at very low levels (<4µg/ml) by E. 638 (Rogers et al., 2011). 
While it is possible that inoculation affects IAA biopathways, it is not likely that significant root 
growth in inoculated plants is due to an increase in IAA. 
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2. Materials and Methods 
 
2.1. Plant material and bacterial culture conditions 
 
Seeds of S. lycopersicum L. cv. ‘Brandywine’ were grown in Pro-Mix™ General Purpose 
soilless media until plants reached a height of approximately 15cm, after which they were 
transferred to 15ml test tubes containing half-strength Hoaglands solution. Plants were grown in 
half-strength Hoagland’s hydroponic solution until sufficient root development occurred. All 
plants were grown at room temperature under a 16 hr photoperiod with photon flux density 
between 45-50 µmol m-2 sec-1. E. 638 was grown in liquid suspension using half-strength Luria 
broth (LB) at 30°C. Twelve hour cultures were centrifuged at 1500 g for 15 min and washed in 2 
ml of sterile 10mM MgSO4. Pellets were resuspended in 1 ml MgSO4 before inoculation of 
tomato. 
2.2. Inoculation with Enterobacter sp. 638 
 
Plants were inoculated two weeks after transfer to hydroponic solution by placing in 15 ml of 
inoculum containing sterile tap water and 108 CFU ml-1 of E. 638. Control plants without 
bacterial inoculation were placed in tubes with 15 ml of sterile tap water. Inoculated plants were 
transferred to fresh inoculum after three days. 
2.3. Tomato growth study 
 
Six days after inoculation, all plants were transferred back into potting media as per one of four 
treatments: stressed & inoculated, stressed & uninoculated, unstressed & inoculated and 
unstressed & uninoculated. Stressed conditions were simulated by growing plants in small (19 L) 
pots in a greenhouse with no cooling system, where temperatures reached between 50-60°C. 
Plants were fertilized biweekly using Jack’s Professional All Purpose Fertilizer at a  
concentration of 200-250 ppm N. Unstressed plants were placed in large (~57 L) pots to 
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minimize physical restriction of root growth, and grown outdoors to maintain a more natural 
environment. After 15 weeks, plants were moved to a temperature (20-22°C) controlled indoor 
greenhouse to protect from frost. Fertilization occurred weekly at a concentration of 500-750 
ppm N. All fruit were harvested as they ripened, and the fresh mass of each fruit, as well as the 
number of fruit from each plant was measured. After 22 weeks of growth, six plants per 
treatment were harvested, separated into roots, stems, and leaves, and the dry mass was 
determined for each. Additionally, the length of time to flower, time to first produce fruit and 
first ripening event was recorded for all plants. 
2.4. Gene Expression 
 
Plants used to study gene expression were inoculated as above. Six days after initial exposure, 
plants were transferred to fresh tubes with 15 ml of half-strength Hoaglands solution. Hoaglands 
solution was replaced every two days. Root tissue was collected at 0, 1, 7 and 14 days after first 
exposure. Plants harvested on day 0 and control plants for all other days were not inoculated. 
Inoculated plants harvested on day 1 were inoculated once. Those harvested on days 7 and 14 
were inoculated twice. The roots of six plants per treatment were collected and frozen in liquid 
nitrogen before storage at -80°C. Inoculated plants were kept separate from uninoculated plants 
to eliminate exposure to bacteria-produced volatile compounds. The temperature, light intensity, 
photoperiod and water volume was maintained as mentioned above. Total RNA was isolated 
using the Bradshaw method developed for poplar (Bradshaw et al., 1989). DNA contaminants 
were removed using RNase free DNase I (New England Biolabs, Ipswich, MA) according to the 
recommended protocol. All samples were checked on standard 2% agarose gel electrophoresis. 
Messenger RNA was transcribed into cDNA using iScriptTM cDNA Synthesis Kit (BioRad, 
Hercules, CA). Quantitative PCR was carried out in a BioRad CFX ConnectTM Real Time 
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System at optimal temperatures for each primer (Table 1), and results were analyzed using the 
CFX manager software. 
The selected genes and their corresponding accession numbers, specific primer sequences, primer 
annealing temperatures, and expected PCR product sizes are listed in Table 1. One gene  
encoding a tomato expansin (LeEXPA4) (Fudali et al., 2008), and another encoding an ethylene 
response protein (LeEIN2) (Wang et al., 2007) were tested. A tomato auxin influx gene 
(SlLAX1) was also tested according to the protocol of Pattison and Catala (2011). A putative 
gene encoding histidine kinase 3 in tomato was tested due to its high similarity to the CRE1 gene 
encoding histidine kinase 4 (cytokinin receptor protein) in A. thaliana (Ryu et al., 2003). Lastly, 
S. lycopersicum β-tubulin (Table 1) was used as a reference gene. 
 
2.5. Statistical analysis 
 
All experiments were performed in replicates of six, except for gene expression analyses, for 
which extractions were performed in triplicate and then analyzed in duplicate for the qPCR 
assay. To determine differences among treatments in the growth study, a two way ANOVA was 
performed with an interaction term evaluating the effects of stress and inoculation separately 
(alpha = 0.05). Analyses were completed using Minitab 17 statistical software. To determine 
differences in mean gene transcript levels among treatments, two-tailed t-tests assuming unequal 
variance were performed in Microsoft Excel. 
3. Results 
 
3.1. Effect of E. 638 and stress on total fruit mass and crop yield 
 
The effect of inoculation was significant among stressed plants, wherein inoculated plants 
produced an average of 1kg (fresh weight) more fruit than controls (Fig.1). 
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Inoculation had a similar effect on crop yield, as plants that were stressed produced an average of 
7 more fruit per plant than controls (Fig. 2). In the absence of stress, inoculation did not 
significantly affect productivity (Fig. 1; Fig. 2). 
3.2. Effects of E. 638 and stress on dry biomass 
 
Inoculation produced the most significant increase in dry root biomass in both the stressed and 
unstressed groups. Increases of 37% and 25% (p-value=0.017) were seen in dry root mass of 
stressed plants and unstressed plants, respectively (Fig. 3a). The impact of inoculation was not as 
strong in shoot or leaf tissue (Fig. 3b, Fig. 3c). Among the stressed group, inoculated plants had 
18% and 29% larger dry mass of shoot and leaf tissue respectively, but these data were not 
statistically significant (Fig. 3b, Fig. 3c). 
3.3. Effects of E. 638 and stress on flowering and fruiting times, and first ripening event 
Among stressed plants, all inoculated individuals flowered and produced fruit sooner than 
controls (Fig. 4a, 4c). Inoculation did not affect flowering or fruiting time for unstressed plants 
(Fig. 4b, Fig. 4d). The time to first produce ripe fruit was shortest for stressed inoculated plants 
(Fig. 4e). No difference in first ripening event was seen among unstressed plants (Fig. 4e). 
3.4. Effect of E. 638 inoculation on relative gene expression 
 
The effect of inoculation on transcript level of select genes was studied using qPCR analysis. For 
all genes examined - auxin influx protein (LAX1), expansin 4 (EXPA4), histidine kinase 3 
(CRE1) and ethylene signaling protein (EIN2) - transcript levels of root tissue were compared to 
those of uninoculated controls. The results generally show a response between 7 and 14 days 
after initial exposure (Fig. 5). 
LAX1 mediates transport of IAA into the root. There were no significant differences in transcript 
level of LAX1 between inoculated and control plants (Fig. 5a). 
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EXPA4 codes for the protein Expansin 4, which aids in reducing tensile strength in the cell wall. 
Significant differences in transcript level were seen at 7 and 14 days after initial exposure to E. 
638 (Fig. 5b). Inoculation resulted in a 2.4 fold increase (p-value = 0.043) at day 7 and a 2.5 fold 
increase (p-value = 0.047) at day 14 (Fig. 5b). 
CRE1 is a histidine kinase that is also receptive to cytokinin. Inoculation with E. 638 resulted in 
a near sixfold increase in CRE1 transcript levels 14 days after initial exposure (Fig. 5c). 
EIN2 is an ethylene receptor protein and is essential for its proper signal transduction (Alonso et 
al., 1999). Inoculation with E. 638 caused a ninefold (p-value = 0.042) increase in EIN2 
transcript levels 7 days after initial exposure (Fig. 5d). This is suggestive that inoculation may 
increase CRE1 and EIN2 levels in tomato root. 
4. Discussion 
 
Two-way ANOVA analysis revealed a significant interaction term between E. 638 inoculation 
and stress. Stressed inoculated tomato plants had significantly greater total fruit mass compared  
to controls (Fig. 1). This was attributable to a statistical increase in crop yield compared to 
uninoculated controls (Fig. 2), as opposed to an increase in mass per crop. Inoculation showed no 
effects on productivity among the unstressed group (Fig 1, Fig 2). Therefore, we propose that the 
presence of stress is necessary for crop yield enhancement by E. 638. Previous studies using 
bacterial endophytes have shown similar results. Forchetti et al. found that endophytic bacteria 
isolated from aseptic cultures of sunflower (Helianthus annus L.) grown under drought, 
compared to those that were irrigated, had enhanced phosphate solubilization, and produced 
higher contents of plant growth-promoting hormones such as jasmonic acid, 12-oxo- 
phytodienoic acid, and abscisic acid (Forchetti et al., 2007). In addition, members of the 
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endophytic genus, Achromobacter, were found only in the drought-treated plants (Forchetti et al., 
2007), signifying a possible requirement for water stress. 
Two-way ANOVA analysis was used to evaluate effects of inoculation on total dry biomass. No 
significant interaction between the stress and inoculation factors was found. Inoculation had a 
significant effect on dry root mass, with increases of 37% and 25% for the stressed and 
unstressed group, respectively (Fig. 3a), indicating that E. 638 does increase root growth. 
Increases in dry mass of shoots and leaves were also found, but were not statistically significant 
(Fig. 3b; Fig. 3c). Similar results were found by Rogers et al., in a study using hybrid poplar 
trees treated with E. 638. Inoculation had the most dramatic effect on root growth, with 84% 
larger root systems compared to controls. Increases of 38% and 48% were found for shoot and 
leaf tissue, respectively (Rogers et al., 2011). It is known that E. 638 lacks the ability to fix 
nitrogen for plant use. Therefore, growth enhancement is thought to be facilitated by improved 
nutrient acquisition (Rogers et al., 2011). The stimulation of root growth may allow plants to 
reach soil nutrients that would be otherwise inaccessible, thereby increasing total biomass. 
The effect of stress on flowering and fruiting time was significant, as all stressed plants flowered 
and produced fruit sooner than the unstressed group (Fig. 4). This was expected as it is well 
known that plants have a tendency to flower and set fruit when placed under unfavorable 
conditions. This is termed stress-induced flowering (Wada and Takeno, 2010). However, among 
the stressed plants, inoculation produced the effect of faster flowering (Fig. 4a), fruiting (Fig. 4c) 
and ripening (Fig. 4e) compared to uninoculated controls. Whereas, in the unstressed group, no 
trends were observed (Fig. 4b, Fig. 4d, Fig. 4f). This coincides with the results seen for crop 
productivity (Fig.1, Fig 2), and further suggests that inoculation is most beneficial when plants 
are stressed. 
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Gene expression analyses provide preliminary insight into the biopathways affected by E. 638 
inoculation. No difference in transcript level of LAX1 was observed between inoculated and 
control plants (Fig. 5a). Tomato LAX genes are analogous to AUX genes in Arabidopsis, and 
mediate the influx of auxin in root tissue (Pattison and Catala, 2012). Therefore, an increase in 
IAA levels would result in a concurrent increase in expression of LAX1 (Pattison and Catala, 
2011). However, RT-PCR analysis showed that E. 638 does not significantly influence auxin 
levels in the root. 
A near threefold increase in transcript level of α-Expansin 4, a cell wall relaxing protein, was 
found 7 and 14 days after initial exposure (Fig. 5b) suggesting that one way E. 638 stimulates 
root growth is via the expansin pathway. Expansins are non-enzymatic proteins that act by 
disrupting weak bonds in the cell wall under acidic conditions (pH < 5) (Fudali et al., 2008). As a 
result, cellulose microfibrils loosen, which facilitates the action of cell wall degrading enzymes, 
such as hydrolases and glycosylases (Fudali et al., 2008). Specifically, tomato expansin 4 is 
suspected to be involved in the differentiation of conductive tissue in the root (Fudali et al., 
2008). Fudali et al., (2008) showed that EXPA4 expression increased in tomato roots containing 
cyst nematode-induced syncytia, which are developed to meet nematode nutritional requirements 
by increasing the influx of water and nutrients. It has been proposed that inoculation with E. 638 
also promotes plant growth by increasing efficiency of water and nutrient uptake (Rogers et al., 
2011). It is possible that both modes of action are facilitated by an increase in the differentiation 
of vascular elements, in which EXPA4 may be involved (Fudali et al., 2008). Further studies 
should examine root cross sections under a microscope to determine differences in vasculature 
between inoculated and uninoculated tissue. The measured increase in transcript level also 
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correlates with visual observations of roots of inoculated plants after 14 days of exposure. 
Noticeable increases in root mass and lateral branching were seen (Fig. 6). 
Results for CRE1 showed a significant upregulation in transcript level 14 days after primary 
inoculation (Fig. 5c). CRE1 has been well studied in Arabidopsis and is known to encode a 
cytokinin receptor protein similar to bacterial two-component histidine kinases (Rashotte et al., 
2003). Loss-of-function mutations produce the response of reduced cytokinin sensitivity, 
indicating that CRE1 is important for proper signal transduction (Rashotte et al., 2003). It has 
also been shown to play an important role in periclinal cell division in the root and hypocotyl 
tissue (Rashotte et al., 2003). 
Results for EIN2 suggest that inoculation positively influences the ethylene signaling pathway. A 
significant upregulation was seen 7 days after initial exposure to E. 638 (Fig. 5d). EIN2 encodes 
an integral membrane protein located downstream in the ethylene signaling network (Wang et  
al., 2002). Previous studies have shown EIN2 to be a positive regulator protein, therefore its 
expression increases upon receipt of an ethylene signal (Wang et al., 2002). Ethylene is known to 
affect various aspects of plant development, including root hair development and root nodulation 
(Wang et al., 2002). Therefore, it is possible that the perception of ethylene can produce the 
response of increased root mass. It is also important to note that no significant difference in EIN2 
transcript level was seen at day 14, while a sixfold increase in CRE1 transcript level was seen at 
this time point (Fig. 5c, Fig. 5d). Previous experiments have shown links between the cytokinin 
and ethylene pathways, as EIN2 mutants have been found in genetic screens designed to study 
cytokinin response (Wang et al., 2002). Further studies are needed to explore the possibility of 
molecular interference of these two genes. It is also possible that the effect of inoculation on 
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EIN2 expression is transient, therefore, future studies should include gene transcript 
measurements at additional time points after exposure. 
E. 638 has not been found to possess the genes required for ethylene nor cytokinin synthesis. We 
hypothesize that bacteria-produced volatile compounds, such as acetoin, 2,3 butanediol, and 2- 
phenyl-ethanol, mimic the effects of ethylene and cytokinin on plant development.. These have 
been shown to dramatically promote plant growth and are synthesized in substantial quantities 
(Taghavi et al., 2010). Future studies should compare molecular and physiological responses to 
volatile exudates, ethylene and cytokinin to determine whether the same biopathways are 
affected. 
In conclusion, E. 638 was able to increase root biomass and protect against stress-related losses 
in productivity in tomato plants. It was also shown that stressed inoculated plants flowered and 
set fruit, as well as ripened earlier than uninoculated controls. The gene expression study 
suggests that the response of larger root mass is facilitated by an upregulation of the α-Expansin 
gene. The cytokinin and ethylene signaling pathways may also be impacted by inoculation. The 
results of this study provide evidence that E. 638 can potentially be applied to increase crop 
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Cre1 XM_004239176 5’-GAAGCGACACGGTTGGAGTA-3’ 5’-CCACCAAGATACCCGTCAGT-3’ 67 363 
Ein2 NM_001247589 5’- CAACAGAGCTTTCCAGGGGA-3’ 5’-TCATCGCGGCATAGTTGACC-3’ 56 96 
EXPA 
4 
NM_001247152 5’-CCATCCATTTTCGTGACGGC-3’ 5’-TGGTACTCGGCGGTATGTGA-3’ 67 174 
LAX1 NM_001246990 5’-GTTTACTGGGCGTTTGGAGA-3’ 5’-TAACGGTGTACACGCGAATC-3’ 69 141 
β - 
tubulin 




































Figure 1. Effect of E. 638 on mean (±SE) fresh weight (kg) of fruit for either inoculated 
tomato plants or unexposed controls. Treated plants were inoculated twice and exposed to 
E. 638 for 6 days before transplant into potting mix (n=6). Statistical analysis was performed 



















































Figure 2. Effect of E. 638 on mean (±SE) crop yield (number of fruit produced per plant) 
for either inoculated tomato plants or unexposed control. Treated plants were inoculated 
twice and exposed to E. 638 for 6 days before transplant into potting mix (n=6). Statistical 































































































Figure 3. Mean (±SE) dry mass (g) of (A) roots, (B) shoots and (C) leaves of tomato plants 
that were either inoculated with E. 638 or left unexposed. Treated plants were inoculated 
twice and exposed to E. 638 for 6 days before transplant into potting mix (n=6). Statistical 
analysis was performed using two-way ANOVA (* denotes significance of P<0.05). 
 
 
















Figure 4. Time (days) required for tomato plants under stress to (A) first produce flowers 
by individuals that were either inoculated with E. 638 or left unexposed. The time (weeks) 
required for stressed plants to (C) first set fruit and (E) produce ripe fruit versus time 
(weeks) required for unstressed plants to (B) first produce flowers, (D) first set fruit and 
(F) produce ripe fruit is also shown. Treated plants were inoculated twice and exposed to 
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Figure 5. Mean (±SE) relative gene expression (fold change in mRNA transcript level compared to 
reference gene β-tubulin) of tomato roots that were either inoculated with E. 638 or left unexposed for 
(A) auxin influx protein (LAX1), (B) α-Expansin 4 (EXPA4), (C) cytokinin signaling protein (CRE1), 
and (D) ethylene signaling protein (EIN2). Treated plants harvested on day 1 was inoculated once, 
while those harvested on days 7 and 14 were inoculated twice and exposed to E. 638 for 6 days before 
transfer to half-strength Hoagland’s solution (n=3). Transcript levels were analyzed by qPCR with 
duplicate samples (n=6) and Ad hoc analyses were performed using a two-tailed t-test (* denotes 
significance of P<0.05).  










































Figure 6. Difference in root biomass of tomato seedlings used for qPCR analysis as 
observed on day 14 for uninoculated control plants (A ,B) and E. 638 exposed plants (C, D). 








Global population is expected to reach 9 billion by the year 2050, and the challenge to meet food 
demands is becoming increasingly difficult as fossil fuel reserves become depleted and climate 
change threatens food supply. Alternative technologies which seek to increase yields in a 
sustainable way are therefore increasingly necessary. One way to help bridge the gap between 
current supply and future needs is to incorporate bacterial endophytes into agriculture. Many 
endophytic species have been shown to enhance plant growth and crop productivity, as well as 
increase tolerance to biotic and abiotic stressors. 
2. Overview of Studies 
 
This study comprised two main projects; the first aimed to determine whether the endophyte, 
Enterobacter sp. 638, can promote growth and increase crop yield of tomato plants under stress. 
It found that inoculation substantially increased dry root mass in both stressed and unstressed 
plants. Additionally, crop productivity was significantly greater in stressed inoculated plants as 
compared to stressed uninoculated plants. These results suggest inoculation is most effective 
when plants are stressed, possibly because E. 638 improves access to soil nutrients facilitated by 
larger root systems. This finding has important implications for agriculture because there is 
potential to utilize lands previously deemed to have low or limited fertility to meet rising food 
demands. Furthermore, the integration of E. 638 in agriculture provides both economic and 
environmental benefits, due to its potential to reduce the use of fertilizers and water. 
The second project aimed to gain insight into the mode of action of E. 638. In order to 
understand how tomato plants respond to inoculation, several key genes were selected for qPCR 
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analysis to compare transcript level in the root between exposed and control plants. We found 
significant increases in expression of the cytokinin signaling protein (CRE1), ethylene signaling 
protein (EIN2), and the cell wall relaxing protein, Expansin (EXPA4). Previous research has 
shown possible links between expansin expression and rhizobacteria however, this study is the 
first to show that an endophyte has an impact on this gene. 
3. Future Research 
 
Further studies are needed to obtain a more complete understanding of the effects of inoculation 
on a molecular and physiological level. Microarray analyses provide a more holistic view of the 
transcriptome and can potentially reveal all genes that are differentially expressed by inoculation. 
Knowing which genes are involved will be an important step in increasing food supply, as genes 
can be modified and optimized to further increase yields. Genetic analysis will also need to be 
performed on shoots, leaves, and fruit as well. In this study, only roots were analyzed and 
examining other tissue may reveal a different expression pattern. It was also determined that 
inoculation significantly increased expression of the α-expansin protein, EXPA4. Previous 
research suggest this gene may also be involved in increasing vascularization in tomato plants to 
increase the influx of water and nutrients. This can be further examined by staining xylem and 
phloem tissue for observation under a microscope, and then comparing their densities between 
inoculated and control plants. 
Based on previous knowledge of the genome sequence of E. 638 and GC-MS analysis, we know 
that E. 638 emits volatile organic compounds (VOCs) such as acetoin and 2,3 butanediol, which 
are primarily responsible for the observed growth enhancement of tomato. Future research 
should explore this hypothesis by exposing plants to exogenous applications of these 
compounds. If exposed plants respond similarly to inoculated plants, there would be evidence of 
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their involvement in growth promotion. It will be important to ensure that plants are exposed to 
similar concentrations as would be produced by E. 638 to show comparability of results. 
Therefore, GC-MS should be used to measure concentrations of VOCs emitted by E. 638. 
Finally, this growth study was conducted in a greenhouse with simulated stressed conditions. 







Previous studies have found that Enterobacter sp. 638 can increase crop yields in tomato by 
comparing the mass of fruit produced by inoculated plants to that of uninoculated controls. 
However, it had not been specified whether gains were due to an increase in crop number or an 
increase in mass of crops from inoculated plants. This was investigated as part of our growth 
study. 
Furthermore, E. 638 has shown to produce the effect of shoot elongation in its hosts (Piravano & 
Newman, unpublished data). A 2015 study showed that willow stems inoculated with E. 639 had 
significantly longer shoot length than controls (Piravano & Newman, unpublished data). 




The E. 638 inoculum was prepared and tomato seedlings were inoculated as previously 
mentioned, with a fresh inoculation after three days. Uninoculated control plants were placed in 
tubes with 15 ml of sterile tap water. After six days of exposure, all plants were transferred to 
potting media as per one of four treatments: stressed & inoculated, stressed & uninoculated, 
unstressed & inoculated and unstressed & uninoculated. All fruit were harvested, and the fresh 
mass of each fruit, as well as the number of fruit from each plant was measured. The shoot length 
of each plant was measured each week for a duration of 22 weeks. The mean growth rate was 
calculated as: 
(x2-x1)/t; where x2 = mean height (cm) at week 22, x1 = mean height (cm) at day 0, and t = total 




3.1. Effect of E. 638 on fruit mass 
 
No statistical difference in mean fresh mass of individual fruit was found between inoculated and 
controls for stressed nor unstressed plants (Fig. A). This result suggests that E. 638 does not 
produce significantly larger fruit than controls. 
3.2. Effect of E. 638 on plant height 
 
Stressed inoculated plants showed an insignificant increase (p-value=0.37) in plant height after 
22 weeks of growth (Fig. B). The heights of inoculated plants steadily increased over time in the 
stressed group (Fig. Cii), whereas no trends were observed for unstressed plants (Fig. Ci). The 
difference in mean plant height between inoculated and control plants was consistently positive 
for stressed plants over a 22 week period (Fig. Dii), whereas no trends were observed for 
unstressed plants (Fig. Di). An insignificant increase (p-value=0.29) in mean growth rate of 

















































Figure A. Mean (±S.E) mass (g) of individual fruit produced by tomato plants that were  
either inoculated with E. 638 or left unexposed for (i) unstressed plants and (ii) stressed 
plants. Treated plants were inoculated twice and exposed to E. 638 for 6 days before 
transplant into potting mix (n=6). Stressed conditions were simulated by growing plants in 
small pots with no cooling mechanism (n=12). Unstressed conditions were simulated by 
growing plants outdoors in large pots, then transferring to temperature controlled greenhouses 


















































Figure B. Mean (±S.E) plant height (cm) of tomato plants that were either inoculated with 
E. 638 or left unexposed for (i) unstressed plants and (ii) stressed plants on the 22nd week of 
growth. Treated plants were inoculated twice and exposed to E. 638 for 6 days before 
transplant into potting mix (n=6). Stressed conditions were simulated by growing plants in 
small pots with no cooling mechanism (n=12). Unstressed conditions were simulated by 
growing plants outdoors in large pots, then transferring to temperature controlled 
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Figure C. Mean (±S.E) plant height (cm) of tomato plants that were either inoculated with E. 
638 or left unexposed for (i) unstressed plants and (ii) stressed plants over 22 weeks of  
growth. Above-ground height was measured weekly for both controls (n=6) and treated plants; 
which were inoculated twice and exposed to E. 638 for 6 days before transplant into potting 
mix (n=6). Stressed conditions were simulated by growing plants in small pots with no  
cooling mechanism (n=12). Unstressed conditions were simulated by growing plants outdoors 
















































-2 Time (weeks) 
Figure D. Difference in mean height (cm) between inoculated and control plants for the (i) 
unstressed group and (ii) stressed group of tomato plants. Positive values represent time points 
when the mean height of inoculated plants was greater than controls. Negative values  
represent time points when the mean height of controls was greater than inoculated plants. 
Treated plants were inoculated twice and exposed to E. 638 for 6 days before transplant into 




























































































































Figure E. Mean (±S.E) growth rate (cm/week) of tomato plants that were either inoculated 
with E. 638 or left unexposed for (i) unstressed plants and (ii) stressed plants over 22 weeks 
of growth. The growth rate was calculated as (x2-x1)/t; where x2 = mean height (cm) at week 
22, x1 = mean height (cm) at day 0, and t = number of weeks of growth (t = 22). Treated 
plants were inoculated twice and exposed to E. 638 for 6 days before transplant into potting 
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